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Abstract
Deep subsurface storage and sequestration of CO2 has been identified as a potential mitigation technique for rising atmospheric 
CO2 concentrations. Sequestered CO2 represents a potential risk to overlying aquifers if the CO2 leaks from the deep storage 
reservoir. Experimental and modeling work is required to evaluate potential risks to groundwater quality and develop a 
systematic understanding of how CO2 leakage may cause important changes in aquifer chemistry and mineralogy by promoting 
dissolution/precipitation, adsorption/desorption, and redox reactions. Sediments from the High Plains aquifer in Kansas, United 
States, were used in this investigation. This aquifer was selected to be representative of consolidated sand and gravel/sandstone 
aquifers overlying potential CO2 sequestration repositories within the continental US. In this paper, we present results from batch 
experiments conducted at room temperature and atmospheric pressure with four High Plains aquifer sediments. Batch 
experiments simulate sudden, fast, and short-lived releases of the CO2 gas as would occur in the case of well failure during 
injection. Time-dependent release of major, minor, and trace elements were determined by analyzing the contacting solutions. 
The strong acid extraction tests confirmed that in addition to the usual elements present in most soils and sediments, the High 
Plains aquifer sediments had appreciable amounts of As, Cd, Pb, Cu, and occasionally Zn, which potentially may be mobilized 
from the solid to the aqueous phase during or after exposure to CO2. However, the results from the batch experiments showed 
that these sediments mobilized only low concentrations of trace elements (potential contaminants), which were detected 
occasionally in the aqueous phase during these experiments. Importantly, these occurrences were more frequent in the calcite-
free sediment. Results from these investigations provide useful information to support site selection, risk assessment, and public 
education efforts associated with geological CO2 storage and sequestration.
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1. Introduction
The U.S. Department of Energy’s (DOE’s) Office of Fossil Energy established the multiyear National Risk 
Assessment Partnership (NRAP) Project to engage the capabilities of its national laboratory system in developing a 
defensible, science-based quantitative methodology for determining risk profiles at carbon dioxide (CO2) storage 
sites and to evaluate the potential for aquifer impacts if CO2 or brine leak from deep subsurface storage reservoirs.  
Research in this area is relatively new and, currently, there is no consensus within the scientific community about the 
potential implications of supercritical CO2 leaking from deep subsurface storage reservoirs and the associated risk 
factors in terms of adversely affecting groundwater quality. Two CO2 leakage scenarios are possible [1, 2]. The first 
is where there is a sudden, fast, and short-lived release of CO2 as would occur in the case of well failure during 
injection or spontaneous blowouts [3-6]. The second local leakage scenario is where the leak is more gradual, 
occurring along undetected faults, fractures, or failed well linings [2, 5, 7-11].
Supercritical CO2 will undergo exsolution (phase change from liquid to gas) as it migrates from deep geologic 
formations to shallower depths in the subsurface. Upon entering an aquifer, the CO2 gas will dissolve into 
groundwater, decreasing the aqueous pH by approximately 1 to 3 units:
CO2(g) + H22ļ+2CO3ļ+&23-(aq) + H+ (aq)
Reactions that may occur due to CO2 intrusion include mineral dissolution, as well as ion exchange and 
competitive anionic and cationic desorption [12]. Dissolution reactions for calcite and a representative 1:1 
phyllosilicate are provided below:
CaCO3 + CO2(g) + H22ĺ&D2+ + 2HCO3-
Al2Si2O5(OH)4 + 5H2O + 6CO2Jĺ$O3+ + 6HCO3- + 2H4SiO4
Minerals may also host a variety of sorbed (adsorbed and/or precipitated) elements and/or potential contaminants. 
Changes in pH will likely promote the release of major, minor and trace elements into the aqueous phase, such as 
Ca, Si, Fe, Al, K, Na, Mg, Pb, As, Cd, etc. As a result, the groundwater may become oversaturated with respect to 
neophases of different minerals, which may precipitate under these conditions. In addition, aqueous concentrations 
of potential contaminants may reach levels close to or above the U.S. Environmental Protection Agency (EPA) 
maximum contaminant levels (MCLs) [12, 13]. The degree of perturbation and responses to the changes would 
depend on aquifer’s chemical, physical, hydrological, biological, and mineralogical characteristics.
Laboratory studies have been carried out to investigate the impacts of CO2 leakage into shallow aquifer settings 
[14-16]. These batch studies reported a decrease in pH, accompanied by increases in concentrations of some 
chemical elements such as Ba, Ca, Co, Fe, Mg, Mn, Ni, and Sr, etc.  However, in batch settings the sediments are 
allowed to equilibrate with CO2 over extended periods of time in well mixed, usually high surface area systems and 
the amount of metals released could be over-predicted [17]. Results from field experiments showed rapid and 
systematic changes in pH, alkalinity, and electrical conductivity, along with an increase in the concentrations of 
metals such as Ca, Mg, Fe, Mn, and organics, although the measured concentrations were below EPA MCLs [18].
Similar results, i.e., a sustained and easily detected decrease of about 3 pH units and trace constituents 
concentrations below the EPA MCLs, were reported in other studies [19]. A pulse response for some constituents 
(e.g., Ba, Ca, Cr, Sr, Mg, Mn, and Fe) was also observed, which suggested a fast-release mechanism (desorption, 
exchange, and/or fast dissolution of small finite amounts of metal bearing solids or coatings).
Initially, a thorough literature review was conducted by our research group to gather available information on 
how CO2 leakage from deep reservoirs would likely affect the geochemistry of overlying potable aquifers [20]. This 
review revealed the potential for both beneficial and deleterious effects. Among the most important beneficial effects 
are: 1) the mineralogical trapping of CO2 in carbonate minerals, which provides another potential mechanism for 
CO2 re-sequestration in subsurface environments, and 2) contaminant immobilization as a result of changes in the 
sorption behavior of minerals and/or reactive secondary phase formation after exposure to the CO2 gas. The most 
important deleterious effect is the degradation of water quality via mobilization of contaminants or changes in other 
water quality parameters such as alkalinity, salinity, or total dissolved solids (TDS).
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The main objectives of this research effort are to: develop a systematic understanding of how CO2 leakage is 
likely to influence pertinent geochemical processes (e.g., dissolution/precipitation, sorption/desorption and redox 
reactions) in aquifer sediments; identify prevailing environmental conditions that would dictate one geochemical 
outcome over another; and gather useful information to support site selection, risk assessment, policy-making, and 
public education efforts associated with geologic carbon sequestration. The specific goals are to gain an 
understanding of how the effects of CO2 gas are likely to influence 1) the aqueous phase pH; 2) mobilization of 
major, minor, and trace elements (some of them are potential contaminants) from mineral surfaces and/or their bulk 
structures via dissolution and/or exchange reactions; and 3) aqueous phase speciation, saturation indexes and 
precipitation reactions, and formation of new mineral phases. Batch experiments were conducted to simulate sudden, 
fast and short-lived release of CO2 as would occur in the case of well failure during injection. The experiments were 
conducted at room temperature and atmospheric pressure.  The results from our research effort will provide insights 
to further our understanding of potential impacts of CO2 on potable aquifers.
2. Materials and Methods
Sediment samples from the High Plains aquifer in Kansas from the Drill Core Library at the Kansas Geological 
Survey were used in this study (see [21] for additional information about these sediments). This aquifer represents 
one of the primary aquifer types (i.e., sand/sandstone aquifer) overlying potential CO2 sequestration repositories 
within the continental US. The experiments were conducted with the following sediments collected at different wells 
(CAL 121 and 122) and depths: CAL 121 91’, CAL 121 151’, CAL 122 4’ and CAL 122 29’. Hereafter, these 
sediments are called: CAL 1 91, CAL 1 151, CAL 2 4 and CAL 2 29. The <2 mm fraction was used in the batch 
experiments. USGS data for the High Plains aquifer was used to determine the chemical composition of the High 
Plains for preparation of a synthetic groundwater (SGW).  CaCO3 and MgCO3 were dissolved in 2% nitric acid 
before being added to the groundwater to ensure complete dissolution (SGW recipe is provided in Table 1). The 
amount of KOH and nitric acid varied slightly with each batch due to differing pH adjustments (final pH = 7.59).
Table 1. Synthetic groundwater composition.
Chemical Used Amount 
g/L
CaCO3 0.1201 
MgCO3 0.0691 
Na2SOΏ 
NaCl 
2% HNO3 
1M KOH
0.0568 
0.0269
15.03
1.23
Plastic 125-mL bottles (batch reactors) were used. The lids had an inlet valve for CO2 gas entry and a small hole 
to allow gas to escape to avoid pressure buildup inside the batch reactor. Fifteen milliliters of the SGW and 5 g of 
soil were added to each batch reactor. The elapsed experimental times were 0 (no gas injection), 4  8, and 12 hours,
and 1, 2, 3, 7, and 14 days. The experiments were run in two replicates and one blank was used for each respective 
time. CO2 gas was continuously injected in the batch reactors for the entire pre-determined time. No gas was 
injected in the blanks. Blanks were sampled at the same time their respective treated reactors were sampled. The 
CO2 gas was injected at a constant rate (about 72 L/min) in each of the batch reactors. The CO2 coming out of the 
gas tank flowed into a wash bottle (used to hydrate the gas), which was filled with the same SGW used in the batch 
reactors. From there the CO2 gas flowed into the batch reactors. The flow rates, which were measured once or twice 
a day, were checked before gas entered the hydration system and at each individual bottle before starting the 
experiments, as well as periodocally during the experiments. At the end of the experimental time, the solid phase 
was separated from the liquid phase via centrifugation. A subsample was taken immediately after the elapsed time 
for accurate pH measurement. The supernatant was then passed through a 0.22-μm filter and acidified for ICP-MS 
analyses.
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3. Results and Discussion 
3.1. Results from experiments conducted with sediments CAL 1 
Two batch experiments were conducted with sediments CAL 1 91 and CAL 1 151, respectively. Acid extractions 
of the sediments showed that the sediments contained significant amounts of trace metals that are of environmental 
concern, such as As, Cd, Cr, and Pb which are regulated with primary MCLs, and Fe, Mn, and Zn which are 
regulated with secondary MCLs. The results from both quantitative XRD analyses indicated that while quartz was 
the major component in these sediments, varying amount of feldspar, mica, kaolinite, and carbonate minerals 
(calcite and dolomite) were also present. Sediment CAL 1 91 contains no calcite while sediment CAL 1 151 
contains XRD detectable amount of calcite. Otherwise, these two sediments had similar mineralogy.
The results from the batch experiment conducted with the calcite-free sample (sediment CAL 1 91) showed that 
the aqueous pH decreased significantly from about 7.87 to 5.78 (Figure 1); the pH values measured in the blanks 
changed little during the 14 days of the experiment; the Ca concentration changed significantly from about 70 mg/L 
in the blanks to more than 160 mg/L in the first 4 hours of the experiment, reaching a maximum of about 280 mg/L 
by 14 days; Ca concentrations in the blanks were greater than that of the SGW and remained unchanged during the 
experiment; the Si concentration increased nonlinearly in the first 3 days, but then followed an apparent linear 
increasing trend, reaching a maximum of more than 8 mg/L by day 14; the Si concentration in the blanks increased 
as well but reached an apparent new equilibrium at around 4 mg/L; the concentrations of Ba, Sr and Mg increased 
significantly (doubled) after CO2 exposure; monovalent cations, such as Na and K exhibited similar behaviours; the 
concentrations of Mo were consistently smaller in the aqueous phase of the sediments exposed to the CO2 gas, while 
steadily increased in the blanks up to about 15 μg/L by 14 days; the concentration of Mn increased significantly 
from zero in the blanks and SGW to almost 1500 μg/L by 14 days; a detectable concentration of Cd of about 1.12 
μg/L was first measured in the 12-hour experiment; similar Cd concentrations (varying from 1.07 to 1.43 μg/L) 
were measured in the time interval from 2 to 14 days; a Cu concentration of about 4.70 μg/L was detected in the 4-
and 8-hour experiments, and a slightly greater Cu concentration (5–6 μg/L) was measured in the 7- and 14-day 
experiments; the concentrations of all other major, minor, or traces elements were below instrument detection limits.
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Figure 1.  Changes in elemental concentration with time in the experiment conducted with sediment CAL 1 91.  
The results from the batch experiment conducted with sediment CAL 1 151 (Figure 2) showed that:  the aqueous 
pH decreased significantly from about 7.87 to 6.11 indicating a better buffering capacity of this sediment than the 
shallower sediment CAL 1 91; greater amounts of Ca were released in the aqueous phase; the aqueous Ca 
concentration changed significantly from about 86 mg/L in the blanks to almost 200 mg/L in the first 4 hours of the 
experiment, reaching a maximum of more than 400 mg/L by 14 days; similar Si concentrations to those of previous 
batch experiments were observed; greater amounts of Ba were also released while the amounts of Sr, Mg, K, Na and 
Mo released were similar in both sediments; the amount of Mn released from the shallower sediment CAL 1 91 was 
much greater; only one trace metal was detected in the experiments conducted with sediment CAL 1 151 (Batch 8, 
Test 3) (Pb =1.16 ± 0.30 μg/L in the 1-day experiment), compared to a few others detected in the experiments 
conducted with sediment CAL 1 91 (such as Cd and Cu), although they were detected in some, but not all of the 
experiments.  The concentrations of all other major, minor, or trace elements were below the detection limits.
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Figure 2.  Changes in elemental concentration with time in the experiment conducted with sediment CAL 1 151.  
3.2. Results from experiments conducted with sediments CAL 2
Two additional batch experiments were conducted with the sediments from well CAL 122 (i.e., CAL 2 4 and 
CAL 2 29). The sediments CAL 2 4 and CAL 2 29 contained 4.7 and 1.6% calcite, and 5.2 and 2.6% mica, 
respectively.  The other mineralogical components were present in similar amounts. The results from the batch 
experiment conducted with sediment CAL 2 4 (Figure 3) showed that: the aqueous pH of the CO2-treated 
experiments decreased significantly and almost instantaneously with about two units, from 8.16 to 6.17; the 
aqueous Ca concentration increased from about 48 mg/L (in the blanks) to greater than 300 mg/L in less than 4 
hours; the aqueous Si concentration increased significantly as well; the concentrations of divalent cations, such as 
Ba, Sr and Mg also changed significantly in the experiments after CO2 exposure; this change was either 
instantaneous, similar to that of Ca (e.g., Ba), or followed an increasing nonlinear trend as a function of time (e.g., 
Sr and Mg); monovalent cations, such as Na and K, manifested similar behaviour; importantly, the concentration of 
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Mn increased dramatically after CO2 exposure (the maximum Mn concentration was more than 400 μg/L);
detectable concentrations of Mo, Cu, and As were also present in the aqueous phase (Figures 3 and 4); the Mo 
concentration in the blanks changed little (remained around 15 μg/L during the experimental time of 14 days) while 
the Mo concentration in the CO2-treated experiments decreased significantly to nondetectable levels by 2 days; the 
Cu concentration followed the same trend in the first 2 days, but increased slightly by 7 and 14 days; the As 
concentration increased and remained unchanged at 5 μg/L in the first 2 days, but decreased to below detection limit 
values for the rest of the experiment. The concentrations of all other major, minor, and trace elements were below 
the detection limits of the instruments.  
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Figure 3. Changes in elemental concentration with time in the experiment conducted with sediment CAL 2 4.      
Figure 4.  Changes in As and Cu concentration as a function of time in the experiment conducted with sediment CAL 2 4.  
The results of the experiments conducted with sediment CAL 2 29 were similar to those of the one conducted 
with sediment CAL 2 4 (Figures 3 and 5), with some small differences, such as: the aqueous pH of the CO2-treated 
experiments decreased to 6.06 (about 0.11 pH unit more than the shallow sediment); sediment CAL 2 29 released
more Ba than sediment CAL 2 4, but released less Mg, Sr and Mn (Mn concentrations above detection limits were 
measured only in the 2-day, 3-day, 7–day, and 14-day experiments and they were 132.5 ± 6.36, 161.5 ± 2.12, 125.0 
± 4.24, and 249.0 ± 12.7 μg/L, respectively); Mo was detected in the equilibration experiment (time zero) (Mo = 
10.08 ± 0.14 μg/L) and in one replicate of the 4-hour experiment (6.54 μg/L), 1-day experiment (1.72 μg/L), and 2-
day experiment (3.83 ± μg/L); Mo was also present in all blanks; the concentration in the blanks varied between 
3.98 and 5.16 μg/L; Cd was detected in one replicate of the 3-day experiment (Cd = 2.79 μg/L); the concentrations 
and the variety of trace elements (Mo, Cu, As, Sb) detected in the shallow sediment (CAL 2 4, discussed above) 
were greater than those of the deeper sediment.
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Figure 5. Changes in elemental concentration with time in the experiment conducted with sediment CAL 2 29.
4. Summary of the results 
The results from these batch experiments show that pH decreases significantly and the aqueous concentrations of 
elements such as Ca, Ba, Sr, Mg and Si increase significantly when sediments are exposed to CO2 gas. Among 
others, sediment response to such exposure is a function of mineralogy.  Mn is also released into the aqueous phase 
in some sediments but the mechanism controlling the release is still under investigation. The results from all batch 
tests show that potential contaminants that are present in the High Plains sediments are only occasionally mobilized 
and only in low concentrations into the contacting aqueous phase after exposure to the CO2 gas stream. Importantly, 
these occurrences are more frequent in the experiments conducted with the calcite-free sediment, and in those 
conducted with the shallow sediment. Both dissolution and exchange reactions may have contributed to the
increases in elemental concentrations during these experiment. The aqueous concentrations of Mo are consistently 
lower in the sediments exposed to CO2 gas, while they steadily increase in the blanks. Work is underway to develop 
a model to describe the experimental data and make system predictions. An initial conceptual model was developed 
based on literature data collected from other sites and tests in collaboration with researchers at the Lawrence
Berkeley National Laboratory. Necessary changes are being made to the initial conceptual model to reflect the site-
specific nature of the impact of the leaking CO2 on groundwater quality.
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